Abstract
Introduction

1
Fast saltatory nerve impulse conduction requires myelin, a structure composed of tightly stacked lipid 2 bilayers that wrap around selected axonal segments in the central and peripheral nervous systems (CNS and 3 PNS, respectively). The insulative nature of myelin enables efficient nerve impulse propagation, and the 4 destruction of myelin, demyelination, underlies a range of chronic diseases. In the PNS, peripheral 5 neuropathies affect Schwann cell compact myelin. These include Charcot-Marie-Tooth disease (CMT) and 6 its more severe, rapidly progressive form known as Dejerine-Sottas syndrome (DSS), which cause incurable 7 chronic disability (Hartline 2008; Stassart et al. 2018) . CMT and DSS manifest through both dominant and 8 recessive inheritance, and they harbour a strong genetic component, typically caused by mutations in 9 proteins relevant for the formation and stability of PNS myelin, while axonal forms also exist. 10 Myelin protein zero (P0) is a type I transmembrane protein consisting of an extracellular immunoglobulin 11 (Ig)-like domain (Shapiro et al. 1996) , a single transmembrane helix, and a 69-residue C-terminal 12 cytoplasmic tail (P0ct). P0ct is likely to be involved in the regulation of myelin membrane behaviour, 13 supporting the arrangement of the P0 Ig-like domains in the extracellular space upon the formation of the 14 myelin intraperiod line (Luo et al. 2007 ; Raasakka et al. 2019b; Wong and Filbin 1994 ). P0ct contains a 15 neuritogenic segment, which can be used to induce experimental autoimmune neuritis (EAN) in animal 16 models (de Sèze et al. 2016) . In vitro, P0ct is disordered in aqueous solution, gaining secondary structure 17 upon binding to negatively charged phospholipids (Luo et al. 2007 ; Raasakka et al. 2019b ). In its lipid-18 bound state, P0ct affects the phase behaviour of lipids and promotes the fusion of lipid vesicles. High-degree 19 molecular order, most likely from stacked lipid bilayers, can be detected via X-ray diffraction of P0ct-bound 20 membranes (Raasakka et al. 2019b ). This suggests that P0ct harbours a structural role in mature myelin. 21 Dozens of mutations have been identified in P0, most of which affect the Ig-like domain. These mutations 22 affect myelin morphology and integrity, leading to the development of peripheral neuropathies (Mandich et 23 al. 2009 ; Shy et al. 2004) . Six known missense mutations are located within P0ct, of which four cause 24 dominant demyelinating CMT type 1B (CMT1B). These include T216ER (Su et al. 1993 (Shy et al. 2004) , and the deletion of Lys236 (K236del) (Street et al. 2002) . In addition, 27 K236E has been linked to dominant axonal CMT type 2I (CMT2I) (Choi et al. 2004) , and A221T, which was 28 discovered as a co-mutation together with the deletion of Val42 in the Ig-like domain, was identified in a 29 patient with DSS (Planté- Bordeneuve et al. 2001) . How these mutations relate to CMT/DSS etiology is not 30 known, although P0 mutations have been linked to the unfolded protein response (UPR) (Bai et al. 2013 ; Bai 31 et al. 2018 ; Wrabetz et al. 2006) , indicating issues in either translation or folding that induce stress within the 32 endoplasmic reticulum (ER). 33 Considering the small size of P0ct and the nature of the disease mutations in it, many of which change its 34 electrostatic charge, impairment in the function of P0ct as a membrane binding/stabilizing segment is a 35 was unique: the observed maximal response level was higher compared to the other variants. This suggests 23 that the D224Y variant can either accumulate onto immobilized vesicles in higher amounts, or it induces a 24 change on the surface that affects the measurement, such as the fusion, swelling, or aggregation of lipid 25 vesicles. 26 
27
Effect of CMT mutations on lipid membrane properties 28
To determine the effect of the mutations on lipid structure, experiments probing changes in the 29 thermodynamic and structural properties of lipid membranes were carried out. As shown before (Raasakka et 30 al. 2019b) , the presence of P0ct changes the melting behaviour of dimyristoyl lipid tails, inducing a 31 population that melts 0.9 °C below the major phase transition temperature of 23.8 °C. The presence of the 32 mutations altered this effect mildly (Fig. 4a) , with T216ER and R227S behaving similarly to wt-P0ct. The 33 Lys236 mutations deviated from wt-P0ct, with a decreased temperature for the emerged population; K236E 34 and K236del showed lipid phase transition temperatures of 22.7 and 22.8 °C, respectively. A221T presented 35 slightly higher temperature for phase transition compared to wt-P0ct, with the major peak at 23.0 °C. Based 1 on the shape of the calorimetric landscape, D224Y was clearly different from the rest, as the new population 2 did not appear as a single, symmetric peak, but was rather formed of several overlapping peaks. 3
Similarly to MBP and P2 (Raasakka et al. 2017; Ruskamo et al. 2014) , P0ct is capable of inducing 4 concentration-dependent solution turbidification, when mixed with lipid vesicles of net negative charge 5 (Raasakka et al. 2019b ). The turbidity can arise from vesicle fusion and/or aggregation, and different 6 processes may be dominant in different samples with respect to the measured signal. To determine the effect 7 of P0ct CMT mutations on this function, turbidity experiments were carried out with the different variants. 8 T216ER and A221T produced turbidity levels similar to wt-P0ct (Fig. 4b, Supplementary Fig. S3a ). At 1:100 9 P/L ratio, D224Y, R227S, K236E, and K236del all had decreased turbidity. At a P/L ratio of 1:50, however, 10 only D224Y had a significant inhibitory effect on turbidity. This result highlights that the D224Y mutant 11 protein may function differently from the other variants, when it binds to and aggregates vesicles. 12
To shed further light on the protein-induced changes in membrane structure, small-angle X-ray diffraction 13 (SAXD) experiments were performed on P0ct-membrane mixtures. In our earlier study, wt-P0ct mixed with 14 lipids produced two strong Bragg peaks, and the corresponding repeat distance evolved as a function of the 15 P/L ratio (Raasakka et al. 2019b ). Here, we observed that in all cases, the repeat distance increased when 16 protein concentration in the sample decreased (Fig. 4c, Supplementary Fig. S3b ). Each variant presented a 17 minimum repeat distance, which was reached at and above a P/L ratio of 1:100. The repeat distance for wt -18 P0ct was ~7.5 nm, while D224Y produced a spacing of <7.0 nm. R224S, K236E, and K236del had looser 19 packing than wt-P0ct. K236E had a minimum repeat distance of ~8.0 nm at the highest protein 20
concentration. 21
To understand the effect of the mutations on the function of P0ct, and the origin of the high molecular order 22 reflected by X-ray diffraction, electron microscopy imaging was performed. Most mutants functioned in a 23 manner similar to wt-P0ct, producing large vesicular structures with a spread-out morphology (Fig. 5) , with 24 occasional regions indicative of bilayer stacking. D224Y showed a clear difference to wt-P0ct, producing 25 strongly stacked myelin-like membranes in a manner resembling MBP (Raasakka et al. 2017 ). This gain of 26 function was reproducible over a wide range of P/L ratios ( Supplementary Fig. S4 ) and a unique feature 27 among the six mutant P0ct variants. The results confirm that the Bragg peaks seen in SAXD, indeed, 28 originate from repeat distances in membrane multilayers, identically to two other PNS myelin peripheral 29 membrane proteins, MBP and P2 (Raasakka et al. 2017; Ruskamo et al. 2014; Sedzik et al. 1985) . The 30 observed bilayer spacing for the D224Y mutant in EM was narrow and in general better defined than seen 31 for MBP (Raasakka et al. 2017) , suggesting that P0ct forms a tight structure within and/or between the 32 membranes. Based on SAXD, the intermembrane spacing is ~3 nm, a value in close relation to the 33 dimensions of the major dense line (MDL) in myelin. 34 To gain an insight into the kinetic aspects of P0ct-induced lipid fusion/aggregation, stopped-flow kinetics 1 experiments were performed using SRCD (Fig. 6, Table 3 ) (Raasakka et al. 2019a ). All variants followed a 2 similar kinetic pattern as wt-P0ct and could be best fitted to a two-phase exponential decay with two rate 3 constants (k 1 , fast and k 2 , slow). Rather minor differences were present: k 2 values were very similar in all 4 cases, and while D224Y presented 10% higher k 1 and k 1 /k 2 compared to wt-P0ct and most other variants, 5 both K236E and K236del displayed k 1 and k 1 /k 2 20% lower than for wt-P0ct, indicating slower kinetics (Fig.  6 6b). While all variants produced a similar end-level CD value around -100 mdeg, the starting level of 7
K236del was higher than for any other variant, and remained so until ~0.3 s, before settling on a similar level 8 to other variants. It is currently unclear whether this is due to an increased level of protein folding or less 9 scattered light from fused or aggregated vesicles. 10 
11
The membrane insertion mode of P0ct 12
To understand the membrane insertion of P0ct, how it compares to MBP (Raasakka et al. 2017) , and how it 13 might be related to disease mutations, we performed neutron reflectometry (NR) experiments (Fig. 7 , Table  14 4). The insertion of P0ct to a DMPC:DMPG SLB was quite different to that of MBP. P0ct inserted 15 completely into the membrane, thickening it by 2 nm and increasing its roughness, most likely due to 16 increased bilayer mobility, as the hydration layer below the membrane became thicker (Fig. 7b,c) . P0ct was 17 present in the acyl tail fraction of the membrane, as well as the outer headgroup fraction. The data could not 18 be fitted with only these parameters, but a very rough, narrow layer of protein had to be considered on top of 19 the membrane. Unfortunately, the roughness and high solvation fraction of this layer did not allow for 20 precise thickness determination: the layer was modelled to be between 5 -15 Å thick within the fit to the 21 data. To investigate the effect of the D224Y mutation on P0ct membrane association, NR data were collected 22 for SLB-bound D224Y, which appeared identical to wt-P0ct ( Supplementary Fig. S5 ). remain in a disordered state until another membrane is present. On the other hand, if P0ct is embedded in the 34 membrane after translation, it might afterwards be able to dissociate and enter the apposing leaflet within 1 compact myelin. Considering the attractive phospholipid bilayer around the transmembrane helix, and the 2 fact that P0ct binds negatively charged lipids essentially irreversibly in vitro 5 , both mechanisms described 3 above are unlikely to exist. Thus, the role of P0ct in membrane adhesion is likely to be based on altered lipid 4 membrane properties, as opposed to MBP and P2, which directly interact with two membrane surfaces. 5
While P2 and MBP were observed to synergistically stack lipid bilayers in vitro (Suresh et al. 2010 ), mice 6 lacking both proteins formed apparently normal and functional myelin (Zenker et al. 2014) . Hence, multiple 7 factors must participate in the correct formation of compact myelin; these include both lipid components of 8 the myelin membrane, different myelin proteins, as well as signalling molecules and inorganic ions. Hence, 9
further experiments in more complex sample environments are required to decipher the details of the 10 molecular interplay between these factors in PNS myelin MDL formation. 11
P0ct mutations and membrane interactions 12
Compared to wt-P0ct, we observed only subtle differences for two mutants: T216ER and A221T. While 
Concluding remarks 25
To a large extent, the P0ct CMT variants studied here perform similarly to wt-P0ct in controlled simple 26
environments. This might differ in vivo, where other components are present and P0 is present in its full-27 length form. Our characterization is focused on protein-lipid interactions and does not take into account 28 possible protein-protein interactions with MBP, P2, or PMP22, which might be relevant for myelination and 29 disease phenotypes. Nevertheless, we have uncovered critical amino acids in P0 that may contribute to the 30 formation of healthy myelin and be involved in disease mechanisms. These include Arg227, Lys236, and 31 using Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific) with 5′-phosphorylated primers 5 that introduced the desired point mutations. The samples were treated with DpnI (New England Biolabs) to 6 digest template DNA and linear vectors circularized using T4 DNA ligase (New England Biolabs), followed 7 by transformation and plasmid isolation. The presence of mutations and integrity of the constructs was 8 verified using DNA sequencing. 9
Protein expression and purification were carried out in E. coli BL21(DE3) as described for wt-P0ct 10 
Mass spectrometry 21
The molecular weight and identity of the purified proteins were verified by mass spectrometry. In short, the 22 proteins were subjected to ultra-performance liquid chromatography (UPLC) coupled electrospray ionization 23 (ESI) time-of-flight mass spectrometry in positive ion mode, using a Waters Acquity UPLC-coupled Synapt 24 G2 mass analyzer with a Z-Spray ESI source. This allowed us to determine the undigested masses of each 25 purified P0ct variant. Protein identity and the presence of the desired mutations were confirmed from 26 peptides extracted after in-gel tryptic proteolysis, using a Bruker Ultra fleXtreme matrix-assisted laser 27 desorption/ionization time-of-flight (MALDI-TOF) mass analyzer. 28 
29
Small-angle X-ray scattering 30 SAXS data were collected from protein samples at 0.3 -12.9 mg/ml in HBS and TBS on the EMBL P12 31 beamline, PETRA III (Hamburg, Germany) (Blanchet et al. 2015) . Monomeric bovine serum albumin (M r = 32 66.7 kDa; I 0 = 499.0) was used as a molecular weight standard. Data were processed and analyzed using the 33 13 ATSAS package (Franke et al. 2017) , and GNOM was used to calculate distance distribution functions 1 (Svergun 1992 Rapid kinetic SRCD data were collected as described (Raasakka et al. 2019a) . In short, an SX-20 stopped-27 flow instrument (Applied Photophysics) mounted on the AU-rSRCD branch line of the AU-AMO beamline 28 at ASTRID2 (ISA, Aarhus, Denmark) at was used for data collection at 10 °C. 1-to-1 mixing of a 0.1 mg/ml 29 protein solution and a DMPC:DMPG (1:1) SUV solution (at P/L ratios 1:200) was achieved using a mixer (2 30 ms dead time) before injection into the measurement cell (160 µl total volume, 2-mm pathlength) per shot. 31
The CD signal (mdeg) was monitored at a fixed wavelength of 195 nm for 5 s with a total of 5 -10 repeat 32 shots per sample, which were averaged into a single curve. Each sample was prepared and measured in 33 duplicate. Water baselines were subtracted from sample data. The data were fitted to different exponential 1 functions using GraphPad Prism 7. 2 3 Surface plasmon resonance 4 SPR was performed on a Biacore T200 system (GE Healthcare). According to the manufacturer's 5 instructions, 100-nm LUVs of 1 mM DMPC:DMPG (1:1) were immobilized on an L1 sensor chip (GE 6 Healthcare) in HBS, followed by the injection of protein solutions. Chip regeneration was performed using a 7 2:3 (v:v) mixture of 2-propanol and 50 mM NaOH. The protein concentration was 20 -2000 nM in HBS, 8 and a single concentration per lipid capture was studied; all samples were prepared and measured in 9 duplicate. In each run, one sample was measured twice to rule out instrumental deviation. The binding 10 response as a function of protein concentration was plotted and fitted to the 4-parameter model, 11
to gain information about association affinity. The scattering length densities of the phospholipids were calculated from volume fractions of the lipid 1 components obtained from molecular dynamics simulations (Armen et al. 1998) , and for the proteins, they 2 were calculated from the sequences and amino acid volumes (Zamyatnin 1972) . The P0ct scattering length 3 density, assuming 90% labile hydrogen exchange, was 3.227, 2.324, and 1.722 x 10 -6 Å -2 in 95%, 38%, and 4 0% D 2 O, respectively. The errors in the structural parameters for each sublayer were derived from the 5 maximum acceptable variation in the fitted thickness and lipid volume fraction that allowed a fit to be 6 maintained, subject to a constant molecular area constraint required to maintain a planar bilayer geometry. 7
Details of the analysis of supported lipid membrane structure (Vacklin et al. 2005 ) and interaction with 8 soluble proteins (Wacklin et al. 2016 ) using time-of-flight neutron reflection have been described previously. 9
The fraction of P0 in the lipid bilayers was determined by a simultaneous fit to all contrasts, taking into 10 account the change in protein scattering length density with solvent contrast due to H/D exchange of protons 11 on polar residues with the solvent. Tables   1   2   Table 1 
